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The response of cultured amphibian notochord cells to parathor¬ 
mone and the structural variations produced has been examined by 
means of electron microscopy. The investigation was conducted to 
determine if parathormone would elicit the formation of cartilage in 
isolated notochordal cells. Excised larval tails of Rana catesbeiana 
were incubated in 1% versene solution at 37. 5 C for 1 1/2-2 hr and noto¬ 
chords were freed by applying external pressure with a blunt instrument. 
The isolated notochords were cultured in Holtfreter-dextrose solution 
and varying concentrations of parathormone at temperatures between 
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25-37. 5 C for 24-96 hr. Sections of notochord 1-3 mm were fixed in 
osmium tetroxide or Luffs fixative and subsequently prepared for 
electron microscopy. Examination of stained and unstained grid speci¬ 
mens revealed increased activity in the peripheral cells, increase in 
size and abundance of mitochondria and cytoplasmic vesicles. The 
most prominent features observed in these active peripheral cells 
were elaborations of many electron dense bodies and clumps of cyto¬ 
plasmic contents as a result of rupture of the plasma membranes. The 
electron dense bodies were found adjacent to the peripheral cell mem¬ 
brane, initially, and were observed to be complexes of calcium. These 
complexes and the elaborated cytoplasmic contents were torn away 
from the cell as other contents were being expelled. This secreted 
material was found entering the vacuolated cell area. The increased 
cellular activity and variation in structure tended to be related to the 
response of notochordal cells to parathormone. 
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The physiology of the notochord and its associative role in the 
subsequent development of the axial skeleton has been widely investi¬ 
gated. The embryonic orientation of the notochord, as well as its 
orientation in the larval stage, is of qualitative value to investigations 
conducted on the morphological and physiological development of verte¬ 
brates. 
Notochordal cells are derivatives of the roof of the primitive gut 
(archenteron) and are rather generalized in the embryonic stage. The 
anatomical position of the notochord suggests that it is a possible fore¬ 
runner of the vertebral column in vertebrates. It has been speculated 
that the notochord has an inductive capacity, enabling it to perpetuate 
connective tissue development, thereby performing some function rela¬ 
tive to cartilaginous and bony formation of the vertebral column. The 
exact mechanism involved in this differentiation has not been determined. 
It is known that changes in the milieu tend to be substantial for 
cellular differentiation. It has also been well established that hormones 
exhibit a definite competency in causing variations in cellular environ¬ 
ments. The competency of the isolated notochord to respond to hormonal 
variations in the milieu and thereby exhibit characteristic differentiation 
has not been clearly established. 
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Chondrogenesis and ossification involve calcium deposition and 
subsequent calcification. The hormone, parathormone, performs the 
action of regulating calcium and phosphorus serum levels in vivo. Such 
calcium regulating action exhibited by parathormone in vivo suggests 
the possibility of similar action by this hormone in vitro. Consequently, 
this investigation has been conducted to determine the induced diversity 
of ultrastructural components and by-products of cultured notochordal 
cells initiated by the action of parathormone. 
CHAPTER II 
REVIEW OF LITERATURE 
In the course of development, uniform embryonic cells differen¬ 
tiate into cells having quite different potentialities. Koecke (1966) 
conducted an investigation using embryonic duck cells from the neural 
crest and observed differentiation of these cells into melanocytes 
capable of producing melanin. He postulated the process of induction 
as the mechanism involved in the differentiation of these cells. Kitchen 
(1949) experimented with Amblystoma mexicanum and obtained results 
which suggested that during normal development the notochord acted 
in an inductive capacity to stimulate and localize cartilage formation. 
Anatomical studies by Gadow (1933), Goodrich (1930), and Lillie 
(1940) affirmed the fact that the notochord is the "foundation" or "core" 
of the axial skeleton. These studies also suggested that skeletogenous 
cells from the ventro-medial aspects of the sclerotome required noto¬ 
chordal contact to form a cartilaginous vertebra. 
Holtzer (1953) investigated amphibian development and concluded 
that the notochord was not essential for the determination of trunk pre¬ 
cartilage cells, or chondrogenesis, or the modeling of the vertebral 
column. He postulated the probable function of the notochord to be that 




Grobstein and Holtzer (1955) did in vitro studies of cartilage induc¬ 
tion in mouse somite mesoderm. By minimizing the area of contact 
between neural and somite tissue, it was possible to demonstrate that 
prior contact of the chondrifying cells with the neural fragment was 
not prerequisite to the induction process. The possibility was suggested 
that in the induction of chondrogenesis some factor may be transmitted 
either from cell to cell or through the ground substance of the mesen¬ 
chyme . 
Holtzer and Detwiler (195 3) observed cartilage development using 
somites from chick embryos and affirmed the inducing capacity of the 
notochord as being responsible for the differentiation of cells into chondro¬ 
cytes. However, these results were obtained in association with injury 
of the surrounding tissues. Holtzer, Holtzer and Avery (1955) obtained 
similar results associated with mechanical abuse during tail regeneration. 
The exact mechanism involved could not be determined in either investi¬ 
gation. 
Not being able to determine the mechanism involved in chondro¬ 
genesis of the vertebral column relative to the role of the notochord 
from previous investigations, attention was shifted to the tissues occupy¬ 
ing close proximity to the notochord. Holtzer (1961) observed loss of 
inductive activity by the notochord upon removal of the notochord sheath. 
The presence of a chondrogenic factor in the notochordal sheath was 
5 
suggested from results obtained in investigations conducted by Avery, 
Chow and Holtzer (1955). Lash, Holtzer and Holtzer (1957) cultured 
chick somites in association with the spinal cord and the notochord and 
found the inductive capacity of the notochord to be different from that 
exhibited by the spinal cord. The activity of the notochord as related to 
chondrogenesis was relatively localized while the activity of the spinal 
cord tended to be associated with a factor transmitted through the mes¬ 
enchyme or muscle tissue. This had been suggested earlier by Grob- 
stein and Holtzer (1955). Too, the investigation conducted by Holtzer 
and Detwiler (195 3) confirmed the activity of the spinal cord when spinal 
cord extracts of A. puncta turn embryos revealed development of a com¬ 
plete vertebral column. 
The neural tube has been shown to induce cartilage formation. Ex¬ 
tirpation of the notochord from beneath the intact neural tube did not 
prevent formation of the vertebral cartilage around the spinal cord. 
Furthermore, removal of the neural tube did not prevent formation of 
vertebral cartilage around the notochord when the notochord was left in¬ 
tact. These results were obtained from studies done on chicks by 
Watterson, Fowler, and Fowler (1954). Lash, Hommes and Zilliken 
(1962) obtained an extract from the embryonic spinal cord and notochord 
of the chick which stimulated intact somites to produce cartilage. This 
clearly verified that the notochord as well as the spinal cord possessed 
an inductive capacity for cartilage formation. Yet, the exact mechanism 
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by which the notochord, as a separate component, induced cartilage 
formation could not be determined. The response, if any, to milieu 
changes by the notochord had not been elucidated. 
The action of hormones as inducing factors has been established 
through many investigations involved in growth and differentiation. 
Wigglesworth (I960) observed growth and differentiation of imaginai 
discs during pupation of insects in a hormonal environment. He 
suggested that differentiation, polymorphism and metamorphosis were 
aspects of a single phenomenon and that specific gene systems were 
activated by chemical stimuli such as hormones, inductors and specific 
nutritional factors. 
Sonneborn (1964) speculated on the mechanism of differentiation 
and postulated the possible action of hormones as stimulating factors 
of variable genic activity. Clever (1963) used the hormone ecdysone and 
observed the sequential activation of depressed genes as related to the 
molting process of Chironomus. 
Ito and Hiroyoshi (1956) conducted in vitro studies of calcium depo¬ 
sition in chick embryo femoral expiants. They observed that exposure 
to 15 mg% of parotin resulted in a stimulatory action on the longitudinal 
growth of the expiants. In the same concentration, formative effects 
of calcium deposition were observed. 
Huble^ (1956) conducted investigations involving gonadal and hypo¬ 
physeal interaction on chondrogenesis in young fowl. Proliferation of 
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epiphyseal cartilage was produced by estrogens; an interaction by 
the pituitary was suggested. Changes in the proliferation zone were 
observed with variations in the dosage of hormone administered. Dik- 
stein, Grotto, For, Tamari, and Salman (1966) studied the stimulatory 
effect of paracetamol and its derivatives on growth of rat tibia and 
found that paracetamol stimulated epiphyseal cartilage growth of in¬ 
tact rat tibia. The results suggested an association between parace¬ 
tamol and the hormone somatotrophin in this stimulatory mechanism. 
McWhinnie and Cortelyou (1967) conducted an investigation of 
structural and biochemical changes in amphibian tissue elicited by 
parathyroid hormone and observed that the distribution of minerals and 
body fluids in frogs was under hormonal regulation. Epiphyseal 
zones were enlarged and exhibited accelerated or abnormal elaboration 
of sulfated components of cartilage and osteoid matrix. 
Neuman, Firschein, Chen, Mulryan, and Di Stefano (1956) investi¬ 
gated the mechanism of action of parathormone and hypothesized that 
cellular elements of bone normally secreted citrate in response to para¬ 
thyroid activity. Parathyroid extract was further shown, spectrophoto- 
metrically, to destroy the chromophoric group of reduced coenzyme 11 
in vitro, rendering it non-absorbent. Blocking coenzyme 11-linked re¬ 
actions shunted glucose metabolism to citrate production. This produced 
a biochemical mechanism by which a parathyroid controlled citrate grad¬ 
ient maintained a steady supersaturated level of ionized calcium serum. 
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Godman and Porter (I960) studied the role of fetal cells in the 
fabrication of a connective tissue matrix and the ultrastructural modi¬ 
fications involved in differentiation of developing epiphyseal cartilage. 
Differentiation of prechondral mesenchymal cells to chondroblasts was 
characterized by the development of an extensive endoplasmic reticu¬ 
lum, enlargement and concentration of the Golgi apparatus, the appear¬ 
ance of membrane-bound cytoplasmic inclusions and the formation of 
specialized loci of increased density in the cell cortex. Short straight 
bands of collagen fibrils of 10 to 20 m/M and a dense granular component 
were clustered in the ground substance. It was postulated that fibrillo- 
genesis took place at the cell cortex in dense bands within the ectoplasm 
subjacent to the cell membrane. The diameter of the fibrils increased 
due to the incorporation of tropocollagen units from the ground substance. 
The chondroblasts also discharged vesicles of dense amorphous and 
granular content derived from the Golgi apparatus. Large vacuoles or 
blebs, having mixed contents, were bound by distinctive double mem¬ 
branes. Small vesicles with amorphous homogeneous contents of mod¬ 
erate density were expelled from the chondroblasts. 
The nucleus and the cytoplasm of chondroblasts underwent conden¬ 
sation and accumulated large deposits of glycogen in the evolution to 
chondrocytes. Large, fused Golgi vesicles were the most prominent 
features of the cytoplasm of chondrocytes. The chondrocytes hypertro¬ 
phied and discharged their entire contents into the matrix. Inclusive 
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among this detailed description of the diversity of ultrastructural 
components in chondrogenesis was the suggestion that the dense 
matrix granules of the precartilage cells represented mineral deposits. 
Scott and Pease (1956) have also described the chondrocytes and agreed 
to this mechanism by which they become calcified. 
Gross (1950) did a study of various connective tissue constituents 
with the electron microscope. He confirmed the periodicity of collagen 
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to be 640 A (reported also by Robinson and Watson, 1952). Gross 
indicated further intraperiod sub-banding, revealed by heavy metal 
staining (phosphotungstic acid) and metal shadowing. This periodic 
pattern (banding of collagen fibrils) served as a "finger-print" for the 
identification of normal collagen. These studies, along with those of 
Godman and Porter and Robinson and Watson, were used as yardsticks 
for evaluation of the results obtained in this investigation. 
CHAPTER III 
MATERIALS AND METHODS 
Rana catesbeiana larvae were obtained from the Carolina 
Biological Supply House, Burlington, North Carolina. The larvae 
were kept in aquaria until ready for experimental study. Upon 
experimentation the tails of the specimens were excised at approxi¬ 
mate lengths of 2. 5-4. 5 cm using a sterile scapel. The excised 
sections were then immersed in 1% versene (ethylenediaminetetra- 
acetic acid) and incubated at a temperature of 37. 5 C for 1 1/2-2 hr. 
After incubation, tail sections were rinsed thoroughly in sterile 
Holtfreter's physiological saline solution, pH 7.8 (Rugh, 1965). The 
notochords were then freed from the tail sections by applying gradual 
pressure in a posterior-anterior direction with a blunt instrument. 
Sections of the isolated notochords representing a control group 
were placed in 0. 5 ml of fresh 0. 2% Holtfreter-dextrose solution. 
Sections of the notochords representing an experimental group were 
placed in 5, 10, and 15 mg% aqueous parathormone solution. Both 
groups of sections were then placed in 10x75 mm culture tubes and/or 
Carrel flasks and incubated at temperatures between 25-37. 5 C from 
24-96 hr. 
Preparation schedules of notochord sections for electron microscopy 
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were followed after Pease (1964) and Mercer and Birbeck (1966) 
Fixation: Notochord sections were cut into approxi¬ 
mately 1-3 mm^ sections, fixed in osmium 
tetroxide, buffered at pH 3. 5 (Palade, 1952) 
or in Luffs fixative (Pease, 1964). 
Washing: Sections fixed in osmium tetroxide were 
washed in veronal acetate buffer, pH 7. 3. 
Sections fixed in Luft's fixative were washed 
15 min in cold tap water. 
Dehydration: Sections were dehydrated in a series of 
increased concentrations of ethanol solutions. 
Infiltration: After dehydration, sections were further 
washed in propylene oxide and gradually 
infiltrated with Epon 812, with subsequent 
evaporation of propylene oxide from a 1:1 
ratio of propylene oxide and Epon 812 mixture. 
Embedding: Tissue sections were then transferred to 
capsules of pure Epon 812. Ratios of 50:50 
and 40:60 Epon A and Epon B with added 
1. 5% DMP 30 were used. 
Polymerization: Capsules were placed in an oven, temperature 
60 C, for at least 48 hr to obtain proper 
polymerization of the epoxy resin. 
Sectioning: The embedded tissue was sectioned on a 
Sorvall MT-2 Porter-Blum Ultra-microtome 
using glass knives and a diamond knife. How¬ 
ever, employment of the diamond knife was 
completely discouraging; folding and rippling 
of the sections resulted. The degree of hard¬ 
ness of the embedded tissue block, that is, 
ratios of Epon mixture A and B, was possibly 
responsible for this discrepancy. Sections 
were floated onto clean uncoated or formvar 
coated grids of 100 and 300 mesh design. 
Staining: Representative grids were stained with 2% 
uranyl acetate (aqueous and ethanol solutions), 
potassium permanganate (2% aqueous), or 
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Photography: 
2% phosphotungstic acid. 
Electron micrographs were taken with an 
RCA EMU-4 and a Phillips 100-C at magni¬ 
fications of 2, 000-16, 000 diameters. Addi¬ 




The experimental results obtained in this investigation were 
of particular interest in view of the expectations that were prematurely 
established. A more concise understanding of these findings was 
realized when comparison was made with similar studies done with 
light microscopic procedures. 
The apparent symmetry of the isolated notochord cells before 
culture, as revealed by light microscopy, is shown in Fig. 1. The 
peripheral cells, with conspicuous nuclei and little or no cytoplasm, 
and the large vacuolated cells with nuclei pressed against the cell 
membranes, are clearly exposed. Striking similarities in structure 
and symmetry of notochord cells were observed after 24 hr in control 
and experimental cultures. A transverse section of the notochord (Fig. 
2), exposing a fragment of the peripheral cells after 72 hr culture, in¬ 
dicated an increase in cell number; however, a careful examination did 
not reveal mitotic activity in support of this thickened periphery. Sev¬ 
eral changes were noted in notochords cultured for 48 hr in 5, 10, and 
15 mg% parathormone solution (Fig. 3). Areas of suspected chondro- 
genesis were evident. They were characterized by cells resembling the 
peripheral cells seen in Figs. 1 and 2. However, these cells were 
13 
14 
Fig. 1. Transverse section of isolated notochord as seen in the light 
microscope. Peripheral cells (p) are compact with little or 
no cytoplasm. Vacuolated cells (v) form a membranous net¬ 
work. Their nuclei (arrows) are pressed against the mem¬ 
branes. Alcian blue. x30. 
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Fig. 2. Peripheral cells (p) of cultured notochord after 72 hr. The 
cells are compact, showing a very sparse matrix (ma). Por¬ 
tions of vacuolated cells (v) are visible. Toluidine blue. x400. 
Fig. 3. Suspected area of chondrogenesis (c) after 48 hr culture con¬ 
taining parathormone solution. Cells resemble peripheral 
cells but are dissimilar in nucleo-cytoplasmic ratio. Vacuo¬ 
lated cell (v) with nucleus (n) is easily observed. Delafield's 
hematoxylin. x400. 
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dissimilar in the following respects: (1) The cells were located in the 
vacuolated area rather than the periphery. (2) The apparent nucleo- 
cytoplasmic ratio indicated either an increase in cytoplasm and/or 
condensation of the nucleus. (3) Observable change in the density of 
the vacuolated cell content suggested that some material of varied density 
had been secreted into the vacuolated area. 
The structure and cytological changes that were observed in the 
cultured notochords became more meaningful when viewed in the electron 
microscope. The response of notochordal cells to changes in the milieu 
and the possible mechanism involved could, perhaps, be better under¬ 
stood. 
The peripheral cells of the control culture group (Fig. 4), when 
viewed in transverse section, exhibited a granular nucleus with randomly 
scattered, minute, electron dense bodies. The nuclear membrane was 
not clearly visible. The cytoplasm was sparse, containing only slightly 
visible vesicles. A cell membrane was not completely discernible. 
Those portions of the membrane that were vividly exposed were of medi¬ 
um electron density, with fine projections protruding into the intercellular 
spaces. The vacuolated cells (Fig. 5) consisted of distinct, broad mem¬ 
branes with electron dense material dispersed throughout. Of similar 
electron density were the vacuolated cell nuclei, usually situated near the 
membrane. Definite cytoplasmic substance could not be distinguished 
since well-defined organelles and/or inclusions were absent. Fragments 
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Fig. 4. Electron micrograph exposing transverse view of peri¬ 
pheral notochord cell. There is a granular nucleus (n) 
with no distinct membrane and vesicular cytoplasm 
(arrows). xl2000. 
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Fig. 5. An electron micrograph of a vacuolated cell as seen in 
transverse section. Membrane (m) is electron dense 
and the nucleus (n) is of similar density. Width of the 
o 
membrane is 12, 000 A as compared to the diameter 
of the nucleus - 52, 000 A . x9800. 
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of a membranous network were exhibited by the cell membranes (Fig. 
6). These membranes were relatively dissimilar to the coventional 
cell membranes. (The double membrane of lipo-protein nature could 
not be appreciated. ) Slight separation of these membranes revealed 
a small amount of less electron dense matrix. 
The control cultures and the 5, 10, and 15 mg% parathormone 
exposed notochordal cells were similar in appearance after a 24 hr 
period. However, after 72 and 96 hr of culture, the peripheral cells 
in the control group (Fig. 7) and the 10 mg% and the 15 mg% (Fig. 8) 
showed striking variations. The peripheral cells appeared to have pulled 
apart and more abundant matrix with larger and more clearly defined 
components were revealed. Some of the cells had ruptured and their cyto¬ 
plasmic contents were seen in the matrix. In other cells condensation of 
the nucleus and/or increase in the amount of cytoplasm exposed more of 
the plasma membrane. Large glycogen deposits were the most distinct 
structures observed. Other vesicles and electron dense bodies of vary¬ 
ing sizes were seen in the matrix and within the peripheral cells. The 
control and experimental cultures at these stages gave indications of 
definite cellular activity. Some cells appeared less active and, corre¬ 
spondingly, were located nearer the vacuolated area. Changes in cellu¬ 
lar structure were not evident. However, even more pronounced changes 
than those exhibited by the most active of these cells occurred in those 
that were cultured 72 and 96 hr in 5 mg% parathormone. 
20 
Fig. 6. Electron micrograph showing vacuolated cell membranes 
(vm) of heterogeneous electron dense material. A less 
electron dense matrix (ma) is visible. xl2, 000. 
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Fig. 7. Electron micrograph of peripheral cells (p) after 96 hr 
control culture. A distinct matrix (ma) is observable 
with sparse glycogen deposits (g). The plasma mem¬ 
branes (arrows) and cytoplasm are more evident than 
in the 24 hr cultured notochords. Note the randomly 
scattered vesicles and electron dense bodies. x6000. 
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Fig. 8. Electron micrograph of peripheral cells after exposure to 
parathormone for 96 hr. Note the extensive matrix (ma), 
glycogen deposits (g), and vesicles (v) of varying sizes. 
x6000. 
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The notochordal cells after being cultured in 5 mg% parathor¬ 
mone for 72 and 96 hr exhibited prominent variations in structural 
components. The morphological changes portrayed in response to 
this concentration of the hormone were sharply defined and impli¬ 
cations of increased activity were readily observable (Fig. 9). An 
increase in pronounced glycogen deposits was found throughout the 
peripheral cells. These deposits were bound by comparatively thin 
membranes of moderate electron density. Mitochondria, even though 
not decidely sharp in contrast, were abundant and easily detected. Very 
electron dense bodies were also observed scattered throughout the 
cells. Adjacent to the peripheral cells were oblong bodies of slightly 
less electron density. Small amounts of clear matrix were exposed 
between the cells. Some cells (Figs. 10, 11) appeared to have ruptured 
and the cytoplasmic contents were being expelled into the matrix. 
Electron dense bodies were quite vivid and the more prominent 
features of the expelled substance. These bodies were of varied shapes 
and sizes. Some were small and spherical while others were larger 
and elongated. They were more abundantly located adjacent to the peri¬ 
pheral cell membrane. However, many were found some distance from 
the cells. Still others were observed entrapped in the cytoplasmic con¬ 
tents that were dispersed from the peripheral cells. These cytoplasmic 
blebs (Fig. 12) were subsequently torn away from the cell as more of 
the cellular contents were being elaborated. Electron dense bodies, 
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Fig. 9. Electron micrograph of peripheral cell cultured 72 hr in 
5 mg% parathormone. Large glycogen deposits (g), abun¬ 
dant mitochondria (m), and clear matrix (ma) are exposed. 
Oblong and spherical electron dense bodies (b) seem to be 
secreted from unidentified sites along the cell border 
(arrows). xl2, 000. 
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Fig. 10. Electron micrograph of ruptured peripheral cells (p). The 
most prominent features are the condensed nucleus (n) and 
the electron dense bodies (arrows). x8000. 
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Fig. 11. Electron micrograph of ruptured peripheral cells. 
Electron dense bodies (b), remnants of plasma mem¬ 
brane (arrow), and mitochondria (m) may be seen. 
xl6, 000. 
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Fig. 12. Electron micrograph of peripheral cells showing increase 
in electron dense bodies. A mitochondrion (m) is seen 
entrapped in the vacuolated cell matrix. Rupture of vacuo¬ 
lated cell membrane (arrow) is exhibited, xll, 000. 
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mitochondria and other large vesicles were seen in the matrix of the 
vacuolated cells. Portions of the cytoplasmic substance along with 
the electron dense bodies were found entering the vacuolated cells 
(Fig. 13). The membranes of the vacuolated cells were clearly 
visible and exhibited some detectable distortion. (The characteristic 
double membrane effect was still not discernible. ) The nuclei of the 
vacuolated cells remained pressed against the cell membrane. 
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Fig. 13. Electron micrographie description of the possible 
mechanism by which vacuolated cells become sites 
of chondrogenic activity. Electron dense bodies 
(arrows) have apparently entered the vacuolated cells 
from ruptured peripheral cells. Eventual concen¬ 
tration of these bodies accounts for the suspected 
cartilage formation. x8000. 
CHAPTER V 
DISCUSSION AND CONCLUSIONS 
Adequate fixation of cultured notochordal cells in preparation 
for electron microscopic examination involved numerous complications. 
The larval notochordal cells were difficult to fix adequately. This was 
exemplified in the apparent absence of specific cell structures during 
observation of the prepared sections. Dissociation of the notochord 
occurred when washed in tap water after Luft’s potassium permanganate 
fixative. Deviation from prescribed wash time tended to solve this 
problem. Alteration in component mixtures of epoxy resin was neces¬ 
sary since improper polymerization and charring occurred in grid 
specimens subjected to the electron beam. Similar problems involved 
in the adequate preparation of precartilage tissue were also encountered 
by Godman and Porter (I960). 
o o 
Despite the complications, appropriate sections (400 A -100 A 
thick) were obtained and examined. The interpretation made from the 
electron micrographs has increased the information on cellular responses 
to hormones. Too, the role of the isolated notochord in cartilage for¬ 
mation was greatly enhanced by these studies. 
In this investigation, the in vitro response of the notochord to 
hormonal changes in the environment indicated growth changes and cell 
30 
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differentiation. Growth changes were exhibited by control cultures as 
well as experimental cultures. These changes were more prominent 
after 72 hr of culture. Cultures maintained for 96 hr revealed similar 
growth changes. These growth changes were characterized by change 
in size and in number of cells. However, definite mitotic activity was 
not observed. 
Aspects of cellular differentiation were more defined in the 5 mg% 
parathormone cultures after 72 hr. Similar results were obtained after 
96 hr of culture. At this time the peripheral cells underwent hyper¬ 
trophy. Shrinkage or condensation of the nucleus was accompanied by 
an increase in visible cytoplasm. Glycogen deposits were abundant in 
the peripheral cells and the matrix. Initially these cells had only small 
amounts of glycogen; however, a greater quantity was acquired with in¬ 
creased cellular activity. The observation of glycogen rich chordal 
tissue as well as cartilage tissue was made by Cabrini (1961). Mito¬ 
chondria and vesicles of varying sizes became more abundant in the peri¬ 
pheral cells. Excretions of electron dense bodies were found near the 
plasma membrane. The matrix of the peripheral cells was more pro¬ 
minent, since the cells tended to pull apart at this stage. Clumps of 
the cytoplasm, mitochondria and other vesicles were found in the matrix. 
This expelled substance was possibly elaborated from unidentified Golgi 
complexes and/or from possible rupture of the cell membrane. Almost 
the entire contents of the cells were elaborated into the matrix. This 
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activity was similar to the mechanism by which precartilage cells 
developed into chondroblasts, as described by Godman and Porter 
(I960). 
The most prominent feature of the peripheral cells at this stage 
was an elaboration of spherical and oblong electron dense bodies. 
Positive identification could not be made from the observations relative 
to the exact nature of these structures. A logical speculation was that 
these bodies were complexes of calcium deposits. This was based on 
a histochemical analysis by light microscopic procedures (Dixon, 1968). 
She showed that these bodies had an affinity for alizarine red-S stain 
(specific for calcium). Regulation of mineral ions in amphibians by 
parathyroid hormone was investigated in vivo by Cortelyou and McWhinnie 
(1967). They observed hypercalcemia and hypercalciuria in Rana pipiens 
after injections of parathyroid extract. Similar results, using Rana 
catesbeiana, were obtained by Waggener (1930). In view of these find¬ 
ings, it was assumed that the calcium deposition was occurring in 
response to parathormone. 
The feasibility that these bodies were collagen units or pre-collagen 
was also entertained. This speculation was based on a comparison of 
electron micrographs obtained in this investigation with those of Godman 
and Porter (I960), Pease (1964) and Jensen and Park (1967). The idea 
of the bodies being hydroxyappatite crystals (Glimcher, 195 9) had to be 
discarded in view of the prerequisites for the deposition of the crystals. 
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After careful consideration, it was postulated that these bodies were 
calcium complexes. (It is noteworthy to remember that a definite 
association exists between calcium deposition and cartilage formation. ) 
The abundance of exposed mitochondria and the presence of assorted 
vesicles perhaps coincided with the increased activity of the cells. 
Complete hypertrophy of the peripheral cells was directly associated 
with the total secretion of the calcium complexes. The exact sites of 
synthesis of these bodies could not be determined. The absence of 
clearly defined endoplasmic reticulum and ribosomes could not be 
accounted for, other than reasons associated with fixation of the tissue. 
Peripheral cell rupture in the process of elaboration of cell con¬ 
tents could not be explained from the observations made. The reason 
for rupture of cell membranes as the secretions invaded the vacuolated 
cells also could not be interpreted. In the former case, Godman and 
Porter (I960) suggested excortication as the process involved in the dis¬ 
pensing of the macromolecules of collagen into the matrix. Eventually 
the expelled cellular contents were proposed as the cores or centers 
where additional macromolecules and definite collagen fibrils will be 
assembled. These complexes of calcium, mitochondria, and other 
vesicles were observed and appeared to be entering the vacuolated cells. 
This observation tended to explain the mechanism by which calcium was 
deposited and the specific deposition sites. 
Concentrations above 5 mg% in the experimental cultures did not 
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elicit any observable changes that could be associated with cellular 
differentiation. Cultures of 10 mg % and 15 mg% were quite similar 
to the control cultures at all examined stages. 
The results obtained in this investigation suggested a mechanism 
by which notochordal cells became differentiated into chondroblasts. 
It is conceivable that this differentiation was caused by parathormone. 
More decidely is the fact that parathormone induced the formation of 
cartilage or a precursor of cartilage in isolated notochords. These 
findings were parallel to those of Holtzer and Detwiler (195 3) and 
Holtzer, Holtzer, and Avery (1955), where the notochord was observed 
to induce the differentiation of surrounding cells into chondrocytes. 
The role of the notochord being localized and different from that of the 
spinal cord in chondrogenesis (Grobstein and Holtzer, 1955) and the 
association of the notochord and the neural tube (Watterson, Fowler, 
and Fowler, 1954) did not reveal the formation of cartilage in the noto¬ 
chord. Even the extract obtained from the notochord which caused carti¬ 
lage formation in somites (Lash, Hommes, and Zilliken, 1962) did not 
seem to exemplify the role of the isolated notochord in the production of 
cartilage as did the action of parathormone represented by the results 
in this investigation. 
CHAPTER VI 
SUMMARY 
1. An investigation of cultured amphibian notochords and their 
response to parathormone has been conducted. Concentrations 
of 5, 10, and 15 mg% were used. Experimental and control cul¬ 
tures were prepared for electron microscopic examination. 
2. Interpretations of electron micrographs revealed growth changes 
and aspects of cellular differentiation. Growth changes were 
exhibited by the control as well as the 10 mg% and 15 mg% experi¬ 
mental cultures. Cellular differentiation was more prominent in 
the 5 mg% cultures. 
3. The endoplasmic reticulum, ribosomes, and definite chromosomes 
were not identified in these cells. Absence of such structures 
could have been due to fixation of the tissues. 
4. Increased activity of the peripheral cells was followed by hyper¬ 
trophy and the dispensing of cell contents along with secreted com¬ 
plexes of calcium into the matrix. 
5. These elaborations of cytoplasmic blebs seemed to enter the vacuo¬ 
lated cells after lysis of their membranes. The accumulation of 
these deposits possibly accounted for the centers upon which more 
collagen material was deposited. 
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6. Increased activity of the peripheral cells was related to increase 
in glycogen deposits, mitochondria, and cytoplasmic vesicles. 
The most prominent secretion observed while the cells were 
in this active state was the elaboration of calcium complexes. 
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